The aim of this study was to determine whether axonal transport of activating transcription factor-2 (ATF2) occurs in adult sensory neurons, and whether this process is under neurotrophin control. Antisera to both total ATF2 and to the activated (i.e., phosphorylated) form were used for immunocytochemistry and Western blotting. ATF2 was localized to predominantly nociceptive dorsal root ganglion cells in adult rats and shown to accumulate proximal and distal to a sciatic nerve ligature as a result of axonal transport. Subcutaneous injection of nerve growth factor (NGF) decreased the levels of fast retrograde axonal transport of activated ATF2 by 97% ( p Ͻ 0.05) and elevated levels of retrograde axonal transport of total ATF2 by twofold ( p Ͻ 0.02). In contrast, blocking endogenous NGF using an anti-NGF antibody induced an elevation in retrograde axonal transport of activated ATF2 of 4.5-fold ( p Ͻ 0.05) and decreased retrograde axonal transport of total ATF2 by 72% ( p Ͻ 0.05). NGF or anti-NGF treatment had no effect on the anterograde transport levels of total or activated ATF2. This study shows that signaling by target-derived NGF to the cell bodies of sensory neurons consists, in part, of the modulation of levels and activation status of a retrogradely transported transcription factor, ATF2.
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Nerve growth factor (NGF) signals, initially, through binding to the high-affinity trkA receptor on nerve endings of nociceptive sensory neurons, with an undefined involvement of the lowaffinity p75 N TR receptor (Chao and Hempstead, 1995; Kaplan and Miller, 1997 ). Ligand and receptor are then internalized and retrogradely transported down the axon to the cell body (Ehlers et al., 1995) . Studies show that neurotrophins can induce rapid elevations in tyrosine phosphorylation of trk receptors that are propagated in a retrograde fashion along axons. These events may be mediated via fast axonal transport of the trk receptor-ligand complex but may also involve an undefined process traveling at speeds in excess of those seen for fast axonal transport (Ehlers et al., 1995; Bhattachary ya et al., 1997; Senger and Campenot, 1997) . Second messengers downstream from trk receptors, such as G proteins, extracellular signal-regulated kinase (ERK), and phospholipase C -␥ (PLC -␥), undergo fast retrograde axonal transport, but the significance of this is unknown (Johansson et al., 1995) .
It has been proposed that neurons may also be capable of axonal transport of transcription factors (Schmied et al., 1993; Curtis and DiStefano, 1994; O'Neill and Kaltschmidt, 1997) . The immunocytochemical localization of EL K-1, cAM P response element binding protein (CREB), and NFB to axon terminals and dendrites in the CNS would support such a notion (O'Neill and Kaltschmidt, 1997; Crino et al., 1998; Sgambato et al., 1998) . Studies in Aplysia have shown that a nuclear localization signal (NLS) can be recognized by the retrograde transport-nuclear import pathway that conveys proteins along the axon to the soma and into the nucleus (Schmied et al., 1993) . In fact, a protein homologous to the transcription factor NFB and expressing the NLS is found in axons of Aplysia (Povelones et al., 1997) , and homologous NLS motifs are present within the basic region of the DNA binding domain of the activating transcription factor (ATF) family of transcription factors (Hai et al., 1989) .
NGF maintains the phenotype of a subpopulation of nociceptive sensory neurons in adult vertebrates, in part, through the regulation of neuropeptide expression (Snider and McMahon, 1998) . NGF-dependent modulation of substance P and calcitonin gene-related peptide (CGRP) expression is mediated through the interaction of transcription factors with, for example, the cAMP response element (CRE) and the AP-1 binding sites (Quinn et al., 1995) . Transcription factors that interact with these sites include CREB and c-jun, which are activated through phosphorylation by the mitogen-activated protein kinases (M APK s) which include ERK, c-jun N-terminal protein kinase (JN K), and p38 (Whitmarsh and Davis, 1996) . At promoter sites of other genes, ATF-2 binds to the CRE and can heterodimerize with c-jun to form functional AP-1 complexes (Su and Karin, 1996; Whitmarsh and Davis, 1996) . The activation and subsequent DNA binding of ATF2 are regulated by phosphorylation, which is also under the control of the M APK s (Whitmarsh and Davis, 1996) . In PC12 cells NGF signals in a ras-dependent manner to activate ERK (Bonni and Greenberg, 1997) , JN K (Minden et al., 1994) , and p38 (Xing et al., 1998) . Conversely, with depletion of NGF in embryonic sympathetic neurons and primed PC12 cells there is also activation of JN K (X ia et al., 1995; Virdee et al., 1997; Eilers et al., 1998) and p38 (PC12 cells only) (X ia et al., 1995) . These latter events are stress-related and result in apoptosis.
Because ATF2 has an N L S motif, and is also linked with NGF signaling, we determined to study the effects of NGF on the expression and axonal transport of ATF2 in adult sensory neurons in vivo.
MATERIALS AND METHODS
Animal treatments. Adult male Wistar rats (250 -300 gm) were treated by systemic subcutaneous injection (10 ϫ 10 l amounts) at multiple sites into the hindlimb under halothane-induced anesthesia with (1) saline, (2) 1.0 mg / kg human recombinant NGF, (3) a total of 10 g of control IgG, or (4) a total of 10 g of monoclonal anti-NGF IgG (clone 27/21; Boehringer Mannheim, Mannheim, Germany). At 6 hr after injection the animals were again anesthetized, the left flank was opened, and double ligatures, 1 cm apart, were applied to the sciatic nerve at midthigh level (Delcroix et al., 1997) . In antibody-treated rats, the animals had a second antibody injection, 6 hr after the first. At 12 hr after placement of the nerve ligatures the animals were either killed by a blow to the head and exsanguinated or anesthetized under pentobarbital and perf usion-fixed with 4% paraformaldehyde (Priestley, 1997) .
Histolog y. Sections from L 4 and L 5 dorsal root ganglia (from untreated rats only) and midsciatic nerve (ligatured and unligatured) were stained using indirect immunofluorescence histochemistry with antibodies directed against both forms of (i.e., total) ATF2 (New England Biolabs, Beverley, M A; 1:50 dilution) and against phosphorylated ATF2 (New England Biolabs; phosphorylated on Thr-71; 1:100 dilution) (Priestley, 1997) . Other immunoreagents included sheep anti-CGRP (Affiniti Research Products, Maidenhead, E xeter, UK ; 1:800 dilution), mouse anti-S100␤ (1:2000 dilution), mouse anti-200 kDa neurofilament (clone N52; Sigma, St. L ouis, MO; 1:800 dilution), and biotinylated Griffonia simplicifolia I B4 lectin (Sigma; 10 mg /ml dilution) and were detected as previously described (Averill et al., 1995) . Double or triple labeling of ATF2 together with CGRP, I B4, or S100␤ was achieved using standard indirect immunofluorescence techniques with tetramethyl rhodamine, FI TC, and aminomethylcoumarin-labeled secondary antisera. Preparations were viewed on a Leica (Nussloch, Germany) DMRB epifluorescence microscope using Y3, L4, and A filter blocks. Photographs were taken using a Hamamatsu (Hamamatsu City, Japan) C4742-95 digital camera, and plates were assembled using Adobe Photoshop (Adobe Systems, Mountain View, CA).
Quantification of ATF2 a xonal transport. The proximal (for anterograde transport) and distal (for retrograde transport) and intermediate nerve segments (all of 0.3 cm length) were homogenized using a Polytron (K inematica, L ucerne, Switzerland) in 0.1 mM PI PES, pH 6.9, 5.0 mM MgC l 2 , 5.0 mM EGTA, 0.5% Triton X-100, 20% glycerol, 1.0 mM phenylmethylsulfonyl fluoride, and a mixture of protease inhibitors. SDS-PAGE (8% acrylamide) was performed on 10 g of total protein, and the separated proteins were transferred to nitrocellulose (enhanced chemiluminescence membrane; Amersham, Buckinghamshire, UK) using a graphite blotter. A polyclonal anti-trkA RTA antibody (a gift from Drs. L. F. Reichardt and D. O. C lary, University of C alifornia, San Francisco, CA) and the ATF2 antibodies described above were used. Detection on film was achieved using the phototope-HRP system (New England Biolabs). The relative levels of protein were determined by laser scanning of the film, and the total pixel intensity for each band was captured using Molecular Analyst software (Bio-Rad, Hercules, CA). Values were then adjusted for any uneven loading by measuring the levels of total protein on the blot by india ink staining (also measured using laser scanning).
RESULTS

Expression of ATF2 in lumbar dorsal root ganglia
Nociceptive neurons can be divided into two subpopulations: NGF-dependent neurons, which are immunoreactive for CGRP or trkA; and glial cell line-derived neurotrophic factor (GDNF)-dependent neurons, which are immunoreactive for RET and IB4 (Averill et al., 1995; Bennett et al., 1998) . Immunoreactivity for total (data not shown) and phosphorylated ATF2 was detected in lumbar dorsal root ganglion (DRG) cells, with small and mediumsized cells most intensely stained (Fig. 1a,c) . The phosphorylated ATF2 immunoreactivity was primarily cytoplasmic, but in addition most DRG cells showed a characteristic granular labeling in the nucleus (Fig. 1) . Such staining has been reported previously using this antibody and may represent either nonspecific immunoreactivity or compartmentalized basal expression (Walton et al., 1998) .
Double-and triple-labeling analysis for phosphorylated ATF2 revealed cytoplasmic immunoreactivity in both the trkA/CGRP and the RET/IB4 subpopulations ( Fig. 1a-d) , with most phosphorylated ATF2-immunoreactive cells labeled for either CGRP or IB4 (Fig. 1e-g ). In contrast, double labeling with a large cell marker (N52, 200 kDa neurofilament) confirmed that large cells showed either no cytoplamic immunoreactivity, or only light immunoreactivity, for phosphorylated ATF2 (results not shown).
Expression and axonal transport of ATF2 in sciatic nerve
Phosphorylated ATF2 was detected in axons of the intact sciatic nerve (data not shown), and immunostaining was also performed on sciatic nerve subjected to a double ligature. Immunoreactivity for phosphorylated (Fig. 2a,b ) and total (data not shown) ATF2 was present both proximal and distal to the ligatures, indicative of fast anterograde and retrograde axonal transport. There was evidence of colocalization of CGRP with phosphorylated ATF2 (Fig. 2c,d ). In contrast, the ATF2-immunoreactive structures did not show staining for S100␤ (a Schwann cell marker), confirming that the immunoreactivity for phosphorylated ATF2 is predominantly axonal (Fig. 2e-g ). The intermediate nerve segment showed very low levels of staining (Fig. 2a,b) , suggesting that most of the phosphorylated ATF2 detected was derived from axonal transport (similar results were seen for total ATF2).
Effect of NGF on the levels of axonal transport of ATF2
The accumulations of ATF2 proximal and distal to a sciatic ligature were examined by Western blotting. ATF2 species of 77 and 69 kDa were detected (Fig. 3) . The 77 kDa species corresponds to full-length ATF2 protein, and the 69 kDa species is a truncated isoform generated by alternative splicing (Georgopoulos et al., 1992) . NGF treatment induced a 92% elevation ( p Ͻ 0.02) in retrograde axonal transport of the 77 kDa form of total ATF2 but significantly diminished transport of the 77 kDa form of phosphorylated ATF2 ( p Ͻ 0.02) ( Table 1) . Anti-NGF antibody treatment reduced retrograde transport of total ATF2 by 72% ( p Ͻ 0.05) and elevated transport of phosphorylated ATF2 by 62%. Adjusting the levels of phosphorylated ATF2 to the total levels of ATF2 protein revealed that anti-NGF treatment elevated the levels of phosphorylated ATF2 by 4.5-fold ( p Ͻ 0.05) ( Table 1 , last column). There was no effect of NGF or anti-NGF treatment on the levels of retrograde axonal transport of trkA (Table  1) . Finally, the rates of accumulation of phosphorylated and total ATF2 were ϳ1.0 m/sec (3.6 mm / hr) and were linear for up to 12 hr and the same as measured for trkA, strongly indicative of fast axonal transport (which can operate at velocities of 0.7-2.0 m/sec) (Fig. 4) .
DISCUSSION
Our results reveal several new aspects of NGF neurobiology in sensory neurons. This is the first demonstration that a transcription factor involved in NGF signaling, namely ATF2, is enriched in nociceptive DRG cells. This study also shows for the first time in vertebrate neurons that a transcription factor, ATF2, in an activated (phosphorylated) form can be conveyed from nerve ending to soma, and vice versa, by fast axonal transport. Finally, we have shown that the levels of retrograde axonal transport of ATF2 are under NGF-dependent modulatory control.
Mechanisms of neurotrophin-regulated signal propagation along axons
Neurotrophins transmit signals along axons by a variety of mechanisms, and these can be classified according to their rate of propagation. The fastest process (Ͼ20 m/sec) may involve the neurotrophin-dependent modulation of Ca 2ϩ mobilization from the endoplasmic reticulum (Finkbeiner et al., 1997) . Next in speed are processes that probably involve a cascade of rapid tyrosine phosphorylation events in the absence of trk receptor transport (Senger and Campenot, 1997) . For example, brainderived neurotrophic factor can alter the levels of tyrosine phosphorylation of the trkB receptor at rates of ϳ8 m/sec within the sciatic nerve (Bhattacharyya et al., 1997) . Similar results have been demonstrated for NGF-dependent modulation of trkA tyrosine phosphorylation in compartmented cultures of sympathetic neurons (Senger and Campenot, 1997) . All other suggested mechanisms of neurotrophin signal propagation are likely to involve fast vesicular axonal transport at rates of 0.7-2 m/sec. Immunofluorescence double (a-d) and triple (e-g) labeling for the phosphorylated form of ATF2 (P-ATF2) and CGRP and /or I B4 in lumbar dorsal root ganglia. P-ATF2 immunoreactivity is strongest in small to medium-sized cells (a-d) and show that these include both the CGRP and I B4 subpopulations. Arrows indicate double-labeled cells. Note that the P-ATF2 immunoreactivity is primarily cytoplasmic, but most cells also show some nuclear staining. Triple labeling (e-g) shows that the CGRP and IB4 subpopulations account for almost all the P-ATF2-immunoreactive small cells. Long arrows indicate P-ATF2 and CGRP double-labeled cells; short arrows indicate P-ATF2 and I B4 double-labeled cells. Some P-ATF2-immunoreactive cells express both CGRP and I B4. In contrast, the asterisk indicates a large cell that has only background levels of P-ATF2 immunoreactivity and is negative for both CGRP and I B4. Scale bars: a-d, 50 m; e-g, 25 m.
For example, NGF-dependent modulation of trkA tyrosine phosphorylation has been observed in the sciatic nerve and proceeded at rates that are consistent with axonal transport of the receptor (Ehlers et al., 1995) . The data presented in this study show that the transcription factor ATF2 can now be added to the group of molecules that use axonal transport as part of neurotrophin signaling.
NGF-dependent mobilization of ATF2 in the axon
Although the axonal transport that we have observed is novel, there are several possible mechanisms that could account for axonal transport of ATF2. Binding of NGF to trkA induces internalization of the ligand-receptor complex as part of an endosomal vesicle, which is sent retrogradely possibly through interaction with a motor protein, such as dynein (Curtis and DiStefano, 1994) . NGF binding to trkA is known to trigger the association of ERK and PLC-␥1 with the trkA-NGF receptorligand complex (Vetter et al., 1991; Loeb et al., 1992) , and so the endosomal vesicle will presumably comprise a complex of trkA combined with these and other proteins. It is therefore possible that transcription factors such as ATF2 are also transported as part of a trkA-ligand-enzyme complex. In addition, it is possible that transcription factors associate directly with microtubuledirected motor proteins. For example, in yeast the regulatory subunit IB ␣ of NFB binds directly to a cytoskeletal protein, Figure 2 . Accumulation of immunoreactivity for phosphorylated ATF2 (P-ATF2) occurs both proximal ( a) and distal ( b) to a double ligature of the sciatic nerve. The two ligatures were 1 cm apart, but only the regions directly adjoining the ligatures are illustrated. Note that immunoreactivity is present at only low levels in this interligature portion (a, b, asterisk s) . c, d, Double labeling shows that P-ATF2 immunoreactivity proximal to a sciatic ligature occurs in CGRP-immunoreactive axons. Arrows indicate double-labeled fibers. e-g, Double labeling shows the relationship between P-ATF2 and S100␤ immunoreactivities in a transverse section proximal to a ligature. Short arrows indicate P-ATF2 immunoreactivity in transversely cut axons; long arrows show S100␤ immunoreactivity in Schwann cells. In the merged image ( g) an S100␤-immunoreactive Schwann cell can be seen to envelop a P-ATF2-immunoreactive axon. Scale bars: a-d, 200 m; e-g, 10 m.
Dlc-1, which is homologous to the human 9 kDa outer-arm dynein light-chain protein (Crepieux et al., 1997) . It is also possible that transcription factors are axonally transported associated with their upstream M APK . Thus JN K , one of the M APK s that binds and phosphorylates ATF2, is found associated with a member of the kinesin superfamily of proteins at microtubules (Nagata et al., 1998) . JN K is localized to axons (Fernyhough et al., 1999) , and we have recently shown that it is axonally transported . JN K and ATF2 may therefore form a complex and be transported together.
NGF increased the levels of retrograde but not anterograde transport of total ATF2. The increase in ATF2 may have been caused by the mobilization of ATF2 stored within the nerve ending or may have arisen from de novo local synthesis. Although mRNA has not been reported in sensory axons, this possibility is not without precedent. mRNA has been localized to dendrites of CNS neurons (Crino and Eberwine, 1996) , and an RNA-binding protein, Staufen, is thought to be responsible for the dendritic transport (Kiebler et al., 1999) . mRNA has also recently been localized to axons of sympathetic (Olink-Coux and Hollenbeck, 1996) and hypothalamic neurosecretory (Trembleau et al., 1996) neurons, and mRNA for the transcription factor CREB has been detected in a synaptosomal preparation from the developing brain (Crino et al., 1998) .
Modes of NGF-regulated activation of ATF2
NGF modulated the levels of retrograde axonal transport of phosphorylated ATF2 (Fig. 3 , Table 1 ). ATF2 is phosphorylated, and hence activated, by the MAPKs (Whitmarsh and Davis, 1996) . Two of the best characterized MAPKs for which ATF2 is a substrate are p38 kinase and JNK. We and others (Giasson and Mushynski, 1997; Eilers et al., 1998) have failed to detect p38 kinase activity in peripheral neurons. In contrast, JNK occurs in DRG cells similar to those that express ATF2 and is also axonally transported (Fernyhough et al., 1999; our unpublished results) . It is therefore tempting to suggest that JNK is responsible for the regulation of ATF2 phosphorylation that we observe. However, ERK (Livingstone et al., 1995) or another kinase of unknown identity and under NGF-dependent regulation could be involved. NGF decreased and anti-NGF increased the levels of phosphorylated ATF2 that were retrogradely transported. This suggests that reduced NGF-dependent occupancy of trkA and/or p75 N TR may be linked to activation of MAPK and hence ATF2. This type of activation is known to occur with JNK. Removal of NGF from primed PC12 cells (Xia et al., 1995) or embryonic sympathetic neurons (Deshmukh and Johnson, 1997; Virdee et al., 1997; Eilers et al., 1998) induces activation of JNK and subsequent apoptosis. Lack of occupancy of p75 N TR in embryonic sensory neurons leads to apoptosis (Rabizadeh et al., 1993) , and in other cells types apoptotic functions for p75 N TR have been linked to activation of JNK (Casaccia-Bonnefil et al., 1996; Kaplan and Miller, 1997) . Thus, in the absence of NGF the p75 N TR receptor may be unoccupied or bound by other neurotrophins (Dechant and Barde, 1997; Kaplan and Miller, 1997) , with a subsequent activation of a MAPK and phosphorylation of ATF2.
Functional implications of NGF modulation of axonal transport of ATF2
The localization of ATF2 to the CGRP/trkA-expressing population of DRG cells (Fig. 1) is additional evidence of an important functional relationship between NGF actions and ATF2 activation. However, ATF2 was also enriched in the RET/ I B4 population of cells, suggesting that GDN F actions may also be mediated through this signaling pathway. The capacity of NGF to regulate the retrograde axonal transport and phosphorylation status of ATF2 is striking and provides a means of modulating sensory neuron phenotype from a site remote from the cell body. Schmied et al. (1993) and Povelones et al. (1997) have shown that proteins containing an N L S are conveyed from axon to nucleus. ATF2 has a sequence motif homologous to the N L S described by Schmeid et al. (1993) . We therefore propose that the NGF-dependent modulation of retrograde axonal transport of ATF2 that we have observed is translocated to the nucleus. On reaching the nucleus the modified ratio of active to inactive ATF2 may have direct effects as well as impinging on the binding and activation of other transcription factors at CRE and AP-1 sites. NGF-dependent regulation of gene expression may therefore be the result of the alterations in the levels of phosphorylated ATF2 interfering with the competing regulatory activities of factors such as CREB and fos. This, in turn, could lead to activation of alternative programs of gene expression. For example, the absence of NGF may be perceived as a signal of axotomy, and consequently genes directing nerve regeneration could be switched on. For neurons with long axons, axonal transport of a transcription factor may be an important means of integrating distant target-derived instructions with local signaling at the cell body. 
